INTRODUCTION

THE NEED FOR ADDITIONAL INDICES
The IEC standard for power quality measurements, IEC 61000-4-30, defines two aggregated time intervals for variations in the rms voltage: a 3-second ("very-short-time") interval and a 10-minute ("short-time") interval [1] . Only the 10-minute values are used to quantify the performance of the system, e.g. in EN 50160. The fastest variations ("fluctuations" below 3-seconds) in voltage magnitude are covered by the flickermeter standard, IEC 61000-4-15 and related documents. Looking at the ratios between the time intervals in IEC 61000-4-30, gives the following values:
• 200 ms -3 seconds: 15 times;
• 3 seconds -10 minutes: 200 times:
• 10 minutes -2 hours: 12 times The step between 3 seconds and 10 minutes is much bigger than the other ones and is thus more likely to cover different phenomena: this may refer to different control means for voltage regulation, but also to different mechanisms for equipment damage due to voltage variations.
In many countries limits or expected values are available for the magnitude and frequency of occurrence of rapid voltage changes. Typical causes of rapid voltage changes are switching operations of shunt reactors, capacitors and transformer tap-changers but also switching of large loads and both large and small generator units. During the design process, the change in rms voltage due to the switching action is typically the main parameter to be limited.
The number of such steps in rms voltage is limited in a number of standard documents, like IEC 61400-21 [2] and IEC 61000-3-7 [3] . In the former document two product specific parameters, "flicker step factor" and "voltage change factor" are defined. Both parameters relate to voltage variations in a fictitious network. But despite the limits placed in a number of documents, no general method exists for measurement and characterization of these kinds "voltage steps" or "rapid voltage changes".
The introduction of distributed energy resources (especially solar power and wind power) will lead to an increase in voltage variations in the time range between 3 seconds and 10 minutes. Variations in wind speed and insolation take place at time scales longer than the flicker range and the resulting voltage variations will thus not be captured by the flicker indices or by the 10-minute values. Flicker resulting from wind power installations is mainly due to the impact of the tower on the rotating blades, much less due to wind-speed variations [4] [5] . A study after variations in insolation showed a significant amount of variations in the time range below 10 minutes [6] .
An additional likely consequence of the increased penetration of distributed energy resources is an increase in the number of switching actions of voltage-control equipment like transformer tap-changers and capacitor banks. This in turn will lead to an increase in the number of rapid voltage changes.
The literature on fast voltage fluctuations concentrates on light flicker as the main impact. However some non-flicker related consequences are mentioned in [7] (control actions for control systems acting on the voltage angle; braking or accelerating moments from motors, impairment of electronic equipment) which are more likely to be due to variations on a longer time scale than covered by the flicker indices.
All the above-mentioned issues call for the development of voltage-quality indices covering the time range between the flicker indices (up to about 3 seconds) and slow voltage variations (10 minutes). In this paper a number of possible indices will be proposed. 
VERY SHORT VARIATIONS
The very-short variation indices to be introduced in this section quantify the difference between the 3-second (veryshort time) values and 10-minute (short time) values of the rms voltage [8] . The 10-minute values U sh are obtained as the rms of the 3-second values U vs over the preceding 10 minutes:
with N the number of 3-second values in the 10-minute window, and t k a time sample corresponding to the end of a 10-minute clock interval (i.e. a value is calculated at 12:10, at 12:20 at 12:30 etc, over the preceding 10-minute interval).
To characterize the voltage variations at time scales shorter than 10 minutes, the difference between the 3-second values and the 10-minute values is used. The 10-minute value used is updated every three seconds. The "3-second very-short variation value" ∆U vs is defined as the difference between the 3-second rms voltage and the rms of the 3-second values over the preceding 10 minutes:
where the short-time voltage ) ( k sh t U is calculated as in (1), with the difference that the value is updated for every new 3-second value. This can be interpreted as a high-pass residue of the very-short values after taking the 10-minute averages. From the 3-second very-short variation values a 10-minute very-short variation value is calculated for every 10-minute time stamp:
with t k a time sample corresponding to a 10-minute time stamp, as in (1). The result is that a voltage measurement results in three values over every 10-minute interval:
• The short-time flicker severity Pst as defined in IEC 61000-4-15;
• The 10-minute very-short variation as in (3);
• The short-time (10-minute) rms voltage as in (1) .
MEASUREMENT EXAMPLES
The 3-second rms voltages have been measured at 10 different locations in five different countries. The spikes are correlated with steps in voltage caused by switching actions in the power system. As we will see later, the spike in the 10-minute very-short variation is about twice the step in voltage magnitude. 
CORRELATION WITH FLICKER INDICES
The aim of the very-short variation indices is to provide an additional index to quantify voltage variations. If these indices were strongly correlated with existing indices, there would be no need for additional indices. The flicker indices also quantify short-duration fluctuations in voltage amplitude. Therefore a comparison was made between the 10-minute very-short variation and the short-term flicker severity at one of the sites with a high flicker level. The results are shown in Figure 12 , showing that these two indices are non-correlated. This of course does not rule out that there is no correlation for any of the other sites, but is does show that there is no general correlation between the flicker indices and the very-short variation indices. 
VOLTAGE STEPS
In case of a step in voltage magnitude, the 10-minute slidingwindow average will take 10 minutes to rise from the pre-step value to the post-step value. The result is a non-zero value of the 3-second very-short variation during a 10-minute period But this 10-minute period will rarely correspond to the 10-minute interval over which the 10-minute very-short variation is calculated. A single step in voltage magnitude will thus result in two non-zero values for the 10-minute very-short variation. The rms voltages and very-short variations are shown in Figure 13 for a step from 227 to 232 Volt. The 3-second rms value takes only one sample to reach its new value. The 3-second very-short variation however takes 10 minutes to come back to zero. The 10-minute very-shortvariation values are lower than the voltage step: 2.48 Volt and 1.44 Volt in this example. For small values of this delay, the triangularly shaped 3-second very-short variation is almost completely inside of the interval, resulting in a high 10-minute value. With increasing delay, the first 10-minute value decreases and the next one increases until it finally becomes larger than the first value. An interesting observation is that the higher of the two values (the one that causes the peak in the plots of the 10-minute very-short variations) is always close to half the voltage step (2.5 Volts in this case). The 10-minute very-short variation is thus a suitable index for rapid voltage changes (voltage steps). 
1-MINUTE RMS VOLTAGES
There are a number of reasons to add an additional timeaggregation window next to the windows prescribed by IEC 61000-4-30: 200 ms, 3 seconds, 10 minutes and 2 hours.
Voltage variations are related to voltage control means. Different control means are associated with different time constants. A possible subdivision of voltage control means is in primary, secondary and tertiary control.
• The primary control operates at time scales up to a few seconds. The primary control includes the AVR (excitation control) of generator units and synchronous condensers. Also power-electronics devices like SVC (Static var compensator) could be classified here.
• The secondary control operates at times scales between a few seconds and about one minute. This includes transformer tap-changer operation, automatic switching of capacitor banks, and modification of AVR set points.
• The tertiary control operates at times scales of one minute and longer. This includes all other measures, like manual capacitor bank switching and optimization to reduce transmission system losses and increase security against voltage collapse.
Using an additional time scale (window length) of 1 minute would give a better mapping to the control means. The performance of primary, secondary and tertiary control would be covered by the 3-second, 1-minute and 10-minute indices, respectively. A discussion is started in this paper on the need to introduce an additional 1-minute time interval next to the 3-second and 10-minute intervals in IEC 61000-4-30 and other standard documents. The use of 1-minute rms voltage instead of (or next to) the 10-minute values would provide a better picture of the performance of voltage-control equipment.
The detailed introduction of very-short variations and 1-minute rms values in the various standard documents will remain an issue for further discussions.
